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I. IN TEODOCTION 
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continued interest in this 
nuclear applications. 

In this research, cr 
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results compared with the f 
CRN! experimental program, 
tetter understand the firs 
crack initiation and crack 
predict expected life of c 
subjected to fatigue loadi 
examines the effect of 
elevated temperatures in o 
in crack initiation. 
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wer generating industry for over 
readily available, easily fabri- 
temperature strength and creep 
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lected for steam generator appli- 
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materials used in nuclear appli- 
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The balance of this thesis will present the nackground 
of the fatigue characteristics of this alloy at elevated 
temperatures, the experimental procedures used, the results 
and conclusions of this study, and the recommendations for 
further study. 
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II. BACKGEOOND 



A. GENEEAI 

Elevated temperature 
plants must withstand loc 
beyond yield. Normal plant 
ture gradients of a cyclic 
and changes in power level, 
equipment failure, various 
error can cause even more 
These thermal cycles, and 
subject elevated temperatur 
strain cycles which may i 
localized tension and compr 
able held times at extreme 
in creep interspersed with 
these components are expose 
as steam, combustion produ 
and air. 

The fatigue lives of 
factors such as, temperat 
magnitudes and rates, envi 
tion, decarbur izaticn and 

micrcstruct ure and microstr 
Considerable fatigue life 
and closely related alloys 
various initial micrcstru 
loading wave forms in orde 
cant interactions. The go 
predictive model for use of 



components in power generation 
al cyclic stresses and strains 
operations will produce tempera- 
nature during startups, shutdowns 
Abnormal conditions, caused by 
casualty conditions, and operator 
severe temperature transients, 
associated temperature gradients, 
e components to thermal stress- 
nvolve plastic flow. Areas of 
ession are developed, with vari- 
strain levels, which can result 
fatigue cycling. In addition, 
d to various environments, such 
ct gases, liquid sodium, water, 

these components depend on many 
ure, creep rate, stress-s train 
ronmental effects such as oxida- 
depletion of alloys, initial 
uctural changes, as well as time, 
data has been generated cn this 
in various environments, with 
ctures, and different fatigue 
r to determine the most signifi- 
al, of course, is to develop a 
designers . 



There has been consider able debate over the past several 
years as to the relative importance of the cr eep- fat igue and 
the environmental-fatigue interactions in fatigue life of 
this alley. Although decreased fatigue life due to environ- 
mental effects has long been known, much of the earlier 
research attributed the decrease in fatigue life resulting 
from dwell periods tc the creep-fati gue interaction. This 
is a natural consequence of ASME design method for analyzing 
the problem by ignoring any environmental effects, with 
satisfactory predictive fatigue models produced for austen- 
itic steels. More recently, other researchers have 
concluded that the creep- fatigue interaction in ferritic 
alloys, such as 2 1/4 Cr- 1 Mo steel, is minor and can be 

ignored, and the dominant effect is environmental [Ref. 1]. 

Conclusive evidence exist that in 2 1/4 Cr - 1 Mo steel 

that the dominant effect is due to environmental-fatigue 
interaction. A brief summary is given here with mere 
complete discussion in later sections. First, less 
oxidizing environments increase the cyclic lifetime espe- 
cially at low (<1%) total strain ranges. This has been 
shown in impure Helium [Ref. 2], vacuum [Ref. 3] and liquid 
sodium [Ref. 4]. Second, Haigh [Ref. 5] reported that crack 
propagation in vacuum for a closely related alloy (1 
Cr-Mc-V) at 500 °C was up to 100 times slower than in air 
for the same test temperature, and was about the same as 
tests conducted in air at room temperature, where oxidation 
is minimal. Third, tests performed with dwell periods at 
zero stress in order to minimize creep damage, yet allow 
oxidaticr damage to cccur [Ref. 6, 7], showed that the 

fatigue life of the specimen with the dwell after the 
compressive half cycle and the dwell after the tensile half 
cycle had about the same life as those with the the dwell at 
maximum compressive strain and maximum tensile strain 
respectively. This showed that creep had no effect. ether 
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tests in vacuum [Ref. 8] and helium [Ref. 9] show that with 
minimal oxidation, dwell periods have a relatively minor 

effect cn fatigue life, compared to specimens that are 
continuously cycled. 

Each of the above tests indicate that the creep-fatigue 
interaction can be neglected, a conclusion reached by 
Challenger [Ref. 1], Therefore the remainder of the tack- 
ground will be devoted to the envir onmental-f atigue interac- 
tions . 



B. CiaiATICN CHARACTERISTICS 



1 . Cxide Growth 



In general, the 



ferrous alleys 


like 


2 1/4 


in terms of h. 


the 


cxide t 


cally with time 


and 


fellows 


dence. Challenger 


[ Ref. 


constants for 


this 


relati 


using weight 


red uc 


tion d 



Material Handbook [Ref. 10 
urements by Langdon [Bef. 1 
tant formula: 



extent of oxidation in air for 
Cr - 1 Mo Steel can be expressed 
hickness, which varies paratoli- 
an Arrhenius temperature depen- 
7] empirically determined the 
onship during fatigue cycling, 
ata from the Nuclear Systems 
] and from oxide thickness meas- 
1 ]. Equation 2.1 is the resul- 



h=1. 26x10-3 ex p[ - 1 221 0/RT ] tV* (eqn 2.1) 

where h is the oxide thickness in meters, t is the elapsed 
time in hours, T is the absolute temperature in °K, and R is 
the gas constant. This expression was found to agree favor- 
ably with results obtained from a fatigue specimen tested at 
538 °C fcr 160 hcurs. 

The oxide layer has been found to develop a duplex 
form with two discernable layers [Ref. 12, 13]. The inner 
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layer contains about the sane concentration of Cr and 
the lase metal, while the outer layer is devoid cf 
alloying elements and is instead pure magnetite. The i 
face between these layers correspond well with the in 
surface of the metal and thus oxide penetration can te 
ured directly. 

The oxidation growth rate depends on several 
ables. Armitt et al [Ref. 13] reported that the oxid 
rate depends on grain size and initial surface finish, 
addition. Challenger [Ref. 7] found that for 2 1/4 Cr - 
that the cxidaticn rate of cyclically deformed materi 
faster than for free oxidation. Similar results 
reported by Skelton [Ref. 14] for 1 Cr-Mo-V steel, 
Armitt et al [Ref. 13] for 9 Cr-Mo. 

2 . Cxi de Char act er ist i cs 

a. Thermal Expansion Coefficient 



Gordon [Bef. 15] calculated the differe 
thermal expansion coefficients for iron and its oxides 
function of temperature using X-ray diffraction techn 
to measure the changes in lattice parameter. Me 
[Ref. 16] compiled thermal expansion data for severa 
alloy steels, as well as for iron. The data for iro 
similar values in the above two references, indicating 
the two methods of measurement produce comparable res 
McEIrcy calculated the differential thermal expansion 
ficient for the material of nominal 2 1/4 Cr - 1 Mo 

composition, and stated a coefficient uncertainty o 
Table I is a summary cf the thermal expansion data. 

1. Modulus cf Elasticity 



Many measurements 
for oxide films have teen made 



of the modulus of elast 
[Ref. 13] but the result 



Mo as 
these 
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itial 
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In 
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and 
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icity 
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TABU I 

Theraal Expansion Coefficients 



Temp 

25 oc 
20C c C 
300 °C 
400 C C 
5 00 OC 



(OC- 

Iron 1 

13 . 22 
13 . 633 

14. 61 
1 5 . 35 

1 5. 99 3 



0*) 

Maun etite 1 

10.41 
12 . 68 
13 . 97 
15.26 
16 . 54 



Hae matit e 1 

10.96 

10.45 
11.82 
12.15 

12.45 



2 1/4 Cr- 

1 A£l 

1 1 . 49 7 3 
13.505 
14. 345 
14. 957 
15.341 



1 Deference 1 5 

2 reference 16 

3 Denotes that the value was linearly interpolated. 
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rather inconsistent. ror example, Field [Bef. 17] measured 
the modulus of elasticity for magnetite on an iron substrate 
at 14C-260 G?a using a simple cantilever specimen. Metcalfe 
[Bef. 18] measured the modulus cf elasticity of a spalled 
magnetite - 20?. haematite oxide scale formed in steam cm an 
austenitic specimen. His results were 61 G?a using a three 
point bend method, and 34 G~a using an acoustic method. 
Additionally, Metcalfe [Bef. 13] measured the modulus cf 
elasticity cf the inner layer spinel of the duplex oxide 
film and reported a value cf 25 G?a using the three point 
tending method and 32 G?a using the acoustic method. Exact 
values are uncertain, tut the difference in the modulus of 
elasticity in the duplex oxide formation is conclusive. 

c. Fracture Strain 

Armitt, et ai [Bef. 13] shoved that the critical strain to 
crack an oxide fellows ecua tic c 2.2, 

£„=[ 0.5T/EC (eon 2.2) 
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where _£ is the fracture surface energ 
elasticity, and C is the depth of 
Challenger [Ref, 7] has further assu 
crack size is proportional to the 
layer. He was able to empirically 
using hcur glass specimen data, 
predicts the fracture strain as a fu 
ness according to: 
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£_=[ 3.5x10-i i/b 3^2 (egn 2.3) 

c 

where h is in meters. Egn 2. 1 can be used to determine the 
critical thickness fcr a given strain, then Egn 2.3 can be 
used to predict the time tc reach this critical thickness, 
therefore, it is possible to predict when oxide layer 
cracking will occur in a controlled test [Ref. 7]. 



C. WAVEFORM EFFECTS 



Many studies have inc 


orporated dwell 


periods 


cn 


each 


cycle. 


Frcm creep-fatigu 


e interaction. 


one would e 


xpect 


dwell 


periods at maximum 


tensile strain 


would 


he 


mere 



damaging than dwell periods at maximum compressive strain. 
Ihis is found to hold true when this alloy is tested in a 
vacuum or inert envi icnmen ts, but the effects are relatively 
minor. In air or ether oxidizing environments, however, 
compressive strain dwell periods severly shorten the fatigue 
life as compared to either tensile strain dwell periods or 
continuous cycling. 

Challenger [Ref. 6] and Teranishi [Ref. 19] showed that 
the oxide will crack along a direction perpendicular tc the 
maximum tensile stress. Kith a dwell period at maximum 
compressive strain (or zero stress dwell following the 
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compressive half cycle), the sample spends most of the time 
in a compressive state and the oxide which forms during this 
dwell period has a "stress free" state while the substrate 
material is in compression. When the cycling is resumed, 
the strain range imposed on the oxide layer corresponds to 
the tctal strain ranee of the cycle and is entirely tensile 
for the cxide layer, with maximum stress in the longitudinal 
direction. Thus, cracks will form circumferentially around 
the specimen. 

In contrast, 
tensile strain, 
the tensile half cycle) , 



when the dwell period is at the maximum 
(or at the zero stress condition following 
the "stress free " state in the 



Poisson's ratio, 
the oxide will be 
furthermore the cracks 



oxide will develop while the substrate has a tensile strain. 
When cycling is resumed, the maximum tension in the cxide 
will te in the circumferential direction and the strain 
will be numerically equal to the total strain times 

Therefore, the critical strain to crack 
reached only at a thicker oxide layer, 
will be in the axial direction, 
making it less likely to to become a fatigue crack initi- 
ator. In any event, the oxide layer tends to spall off, 
thereby minimizes crack initiation caused by oxide cracking. 

surface under the oxide layer is very 
depending on whether dwell occurs in 
tensicn or compression. With dwell at maximum compressive 
strain, the surface has circumferential grooves, presumably 
where the oxide cracks previously existed [Ref. 6]. With 
tensile strain dwells, the surface is somewhat rougher than 
the criginal specimen surface, but no grooves are present. 

The data also indicates that the ci rumf er ent ial cxide 
cracks promote accelerated corrosion fingers in the 
substrate which crack, thereby creating a stress concen- 
trator which surve as a fatigue crack initiation site. This 
explains why compressive hold periods are more damaging than 
tensile holds in an cxidizirg environment. 



The metal 
different as well. 
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CEACK GEOWTH 



1. Crack Size Effects 



Short cracks grow 
cracks in a given material, 
for most metals, including 
less than a critical valu 
linear Elastic fracture Me 
greater than the critical 
concluded that the critical 
micr cstr ucture. In partic 

one grain diameter shew pa 
concluded that since LEFM 
(closely approximated at gr 
expected to be valid for sh 
that short cracks grew more 
since smooth surfaces will 
stress is above the enduran 
intensity factor for a smoo 
Skelton [Ref . 21 ] 
in 0.5 Cr-Mo-V steel and co 
lengths greater than about 
diameters). He alsc showe 
greater for crack lengths 1 

2 • Cxi dation Effects 



in a different manner than long 
Taylor [Ref. 20] has shewn that 
ferrous alloys, cracks of depth 
e grow faster than predicted by 
chanics (LEFM). At crack depths 
value, LEFM is valid. He also 
depth is highly dependent cn the 



ular, crac 
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less 
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cularly 
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growth 
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ay lor 


as 


sumes a 


homo 


geneous 


cent 


inuura 


eat 


er crack 


dep ths) , it 


cann 


ot be 


ort 


cracks . 
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is not 


surpr 


ising 



rapidly than predicted by LEFM , 
crack in fatigue if the cyclic 
ce limit, even though the stress 
th surface is zero, 
has also studied this phenomenon 
ncluded that LEFM hold fer crack 
0.2 mm (approximately 4 grain 
d that the crack growth rate was 
ess than this critical value. 



Skelton and Challenger [Ref. 22] have reported that 
crack growth per cycle is greater in air than in vacuum, 
except at very low tctal strains, and large crack depths. 
Two explanations were offered. First, at larger strain 
ranges in vacuum, the crack tip can reweld due tc the 
compressive portion cf the cycle. For example in a single 
test in vacuum with a compressive hold [Ref. 22], crack 
growth ceased, suggesting rewelding at the crack tip. 



Second, vhen testing in air, enhanced oxidation occurs 
during the opening of the crack on the tensile half cycle. 
Ihis results in a wedging effect which promotes crack 
growth. At low strain ranges or with long cracks, the oxide 
layer on the two surfaces impinge on each other, effectively 
sealing out the oxygen, a conclusion reach by both 

Challenger [Ref. 1] and Skelton [Ref. 21]. Fatigue tests 
conducted in air with a 1/2 hour hold time did not increase 
crack growth rates over those measured in continuously 
cycled specimens. Ihe conclusion reached by Challenger 
[Ref. 1 ] is that the oxidation effect must saturate very 
guickly . 

Challenger [Ref. 1] noted that the oxidation effect 
decreases as crack growth rate increases and is negligible 
at grcwth rates greater than 2x10 -3 mm/cycle. 

E. CRACK INITIATION EREDICTION 

Mayia [Ref. 23] conducted extensive research on crack 
initiation in 304 Stainless Steel (SS) at 593 °C, using a 
sawtccth waveform at a strain rate of 0.004 sec -1 . He used 
a replication technigue to determine the number of cycles to 
crack initiation (Nn) , and then cycled the specimen to 
failure to determine the number of cycles to failure (Nf). 
His data was presented on a graph of Nn/Nf versus total 
strain range. Challenger [Ref. 7] noted that 2 1/4 Cr - 1 
Mo steel tested at elevated temperatures had similar slip 
characteristics and fatigue strength as 304 SS. 
Additionally, the portions of the total strain range which 
are plastic are similar for 304 SS at 593 °C and 2 1/4 Cr - 
1 Mo Steel when tested at 482 °C. He therefore used Mayia's 
data to construct a plot of Nn/Nf verses total strain range 
for 2 1/4 Cr - 1 Mo steel at 482 °C. In addition, extrapo- 

lations of the curve were made for temperatures of 427 °C, 
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Figure 2. 1 Nn/Nf vs, total strain range. 



and 538 °C. The resultant curves 
This gives a basis fcr comparison 
thesis . 



are shown on Figure 2.1. 
for the results of this 
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hi. expeeimmtal 



A. GENERAL 

A 10,000 Kg [22 KIP) MTS Electr ohyd rauL ic testing 
system, in conjunction with a Cycle-Dyne induction heater 
was used to conduct fatigue tests on specimens at elevated 
temperatures (538 °C) . The specimens were uniaxially leaded 
at a strain rate of 4x10 -3 sec -1 and were subjected to equal 
strains in tension and compression. Periodically, cycling 
was interrupted and the specimen was examined with a 
Scanning Electron Mircscope to monitor crack initiaticn and 
crack growth. The thrust of this work was to obtain the 
number of cycles to crack initiation, and also the fatigue 
life for total strain ranges between 0.3% and 1.0%. 

E. AEPAEAIOS 

1 . Eq u ipmen t 

Specific equipment used was as follows 

a. MTS Model 810 E lec trohydraulic Testing System 

1) MTS Model 312. 21 load Frame 

2) MTS Model 661. 2 1A-03 Load Cell 

3) MTS Model 410 Function Generator 

4) MTS Model 417 Counter Panel 

5) MTS Model 4456 Controller with modules 

6) MTS Model 506. 01 Hydraulic Power Supply 

7) Hewlett Packard 7045A X-Y Recorder 
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1. Heater 

1) Cycle-Dyne Mod 

2) MTS Model 632. 
Ext ensometer 

3) MTS Type B2506 
Rods 

4) Research Model 

4) Newport Model 

5) Dser designed 

c. Scanning Electr 

1) Cambridge S4-1 
(SEM) 

2) User modified 
2 . Ind uct ion Coil Deve 

The induction coil 
control cf the temperature 
Direct monitoring of the g 
actual testing, since the 
to the gage length would 
and hence premature crack i 
tion cf the gage length t 
derived by monitoring the 
gage length on the specime 
calibration data. 

Ellison [Hef. 24 ] e 
tions using an instrumented 
monitoring points, as show 
for the coil design were 
spacing, size, and shape of 
constraints on the coil des 
the grips, allowance for 



el A-30 Induction Heater 
50B-01 High Temperature 

-2 Knife Edge Quartz Extension 

63S11 Temperature Control Panel 
267E-KC1 Digital Pyrometer 
Induction Coil 

on Microscopy 

0 Scanning Electron Microscope 

S-100 SEM Stage 
l op me nt 

configuration is critical for the 
along the specimen gage length, 
age length is impossible during 
spot welding of the thermocouples 
result in a stress concentrat er, 
nitiation. Therefore, indica- 
emperature by necessity must be 
rmal couples welded outside the 
n fillets, and with associated 

valuated numerous coil configura- 
specimen with seven thermocouple 
n in Figure 3.1. The variables 
the number of turns and the 
the turns. Additional physical 
ign include the distance between 
the extensometer rods, space 
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2 



3 




in in >f) if) 



rear side front TEMPERATURE (°C) 

Figure 3. 1 Instrumented Test Specimen. 



necessary tc insert and rem 
adequate allowance for the 
cycling. Ellison found t 
very sensitive tc all of t 
and axial position of the c 
Too many turns produced i 
too few turns caused stee 
Incomplete turns caused lar 
The optimum coil configu 
complete turns top and hot 
the top, as shown in Fi 
[Ref. 24] that this was 
required to maintain temper 



eve instrumented specimens, and 
movement of the specimen during 
hat the temperature profile was 
he variables, and to the radial 
oil with respect to the specimen, 
nterferance with sensor signals, 
per axial temperature gradients, 
ge radial temperature gradients, 
ration was found to have two 
tom, separated slightly mere on 
gure 3.2. It was hypothesised 
a result of the greater power 
ature on the lower portion of the 
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setting. The monitoring temperature (bottom thermocouple) 
could normally be adjusted by moving the coil with respect 
to the specimen to obtain a deviation from calibration data 
of 1 °C or less. During cycling, the specimen moved axially 
inside tie stationary coil due to the compliance of the MTS 
system. The temperature controller could maintain the 
setpoint temperature to within one degree, however the moni- 
toring temperature frequently changed by as much as two 
degrees. The monitoring temperature tended to fluctuate 
with the cyclic motion of the specimen. 

The thermocouple wires were spot welded separately 
to the specimen, with the two wires parallel. Ellison 
[Ref. 24] found that the spacing between the two wires was 
critical, and wide spacing introduced errors in the tempera- 
ture readings. Great care was taken to minimize this error 
by welding the thermocouple wires as close together as 
possible. 

3 . Sca nni ng Ele c tron Micr oscope Stage Devel o pm ent 



The Cambridge S4-1 
specimen size of apprcximat 
one half inch (13 mm) heig 
entire six inch (15.25 cm) 
S100 stage was extensively 
were removed, leaving the f 
ciated fiv€ feed-through co 
one one-inch linear, and 
plate. New internal parts 
manufactured by the Mecha 
The two rotational feed-thr 
tudinal motion, through a 1 
with gearing salvaged fro 
parts. One half-inch feed- 
sverse motion via a cam me 



0 stage normally has a maximum 
ly one inch (25 mm) diameter and 
ht. In order to accommodate the 
tensile specimen, a Cambridge 
modified. All internal parts 
eed-through flange with the asso- 
nnections (two half-inch linear. 
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connections were not used. This arrangement allowed two 
inches (5 cm) of longitudinal motion, full rotational motion 
about the longitudinal axis of the specimen, and one half 
inch (13 mm) transverse motion, suffient to view the entire 
gage length without removing the specimen. Due tc the 
length cf the stage with the specimen inserted and the 
internal placement cf the detectors in the Cambridge SEM, 
the stage was by necessity designed to be inserted in tc the 
left access port verses the normal front port. This 
required the electrical connections to be made prior to 
inserticn of the stage and the connector is no longer an 
integral part of the stage. Figure 3.3 shows the stage as 

shews the SEM with the stage 



modified and 
inserted . 



Figure 3.4 




Figure 3.3 Modified Scanning Electron Microscope Stage. 
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4 • JKIS Electronic Cont rol 

A brief discussion cf the MTS electronic controls is 
useful in understanding the test procedure used in this 
work . 

a. MTS Controller 



Three parameter 
load, strain and stroke- 
processed to give a full 
summary of the sensing para 



s are 
These 
range 
meters 



sensed by the controller; 
signals are electronically 
signal of ±10 volts. A 
is contained in Table II. 
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TABLE II 

MTS Controller Parameters 



Digital 

Rea d ou t 

volts, lbs 
volts, inches 
volts, inches 



Param ete r S enso r 1 00% Range 

Load Load Cell ±20 kips 

Strain Extenscmeter ±0.02 inches 

Stroke Iiteriral LVDT ±5 inches 



Note that the s 
is one inch (2.54 cm), th 
strain are numerically egui 
Each of these 
control nodule in the con 
potentiometer which allows 
parameter. There is also 
changing the range scale to 
10% of the total range to t 
Any of these t 
for control. For these exp 
while inserting or removin 
used during heatup and cool 
during the fatigue cycling 
provided on the controller 
controlling parameter and t 
which the function generato 
The function 

signal up to ±10 volts, 
available such as sine, hav 
with various periods, slope 
possibilities are listed in 



ensor length of the extenscmeter 
erefore extension and engineering 
val ent . 

parameters has an individual 
trcller. These modules have a 
for electronically nulling the 
a selector switch, which allows 
correspond to 100%, 50%, 20% or 

he ±10 volt output signal, 
hree parameters can be selected 
eriments, stroke control was used 
g the sample, load control was 
down, and strain control was used 
. A setpoint potentiometer is 
to adjust the static value of the 
o provide a reference voltage on 
r signal is based, 
generator generates a voltage 
with various output functions 
er sine, ramp, and saw tooth, and 
s, and hold times. The various 
Reference 25. 
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When a test is started/ the controller adds the 
function generator signal to the setpoint signal and 
compares the sum tc the controlling parameter signal, 
hydraulic pressure is ported to the hydraulic actuatcr to 
force the error to zero. 

t. Protecticn Devices 

The MTS system has several protection devices, 
each cf which has a positive peak setting and a negative 
peak setting, and an enable-disable switch. These devices 
include overload, over strain, excessive stroke, underpeak, 
and temperature deviation between the controlling thermo- 
couple and the setpoirt value cn the temperature controller. 
When an interlock is enabled and it trips, the hydraulic 
power supply and induction heater is also tripped. The 
controller ports the residual hydraulic pressure to reduce 
the controlling parameter to zero, and as the pressure dies 
away, the lead drops to near zero. The specimen cools at a 
very rapid rate due to natural convective losses. 

C. TEST PROCEDURES 

1 . Spe cim en prepa rati on 

Specimens used for this testing were taken from a 
one inch (2.54 cm) diameter rod of 2.25 % Cr-1% Mo steel. 
Heat Number 56447, provided by Oak Eidge National Laboritory 
(OBNI), and produced by Vacuum Arc Remelting (VAR) tech- 
nique. Chemical analysis of representative material appears 
in Table III. 

The rod was cut into sections, six and one half 
inches (16.5 cm) in length and these were heat treated as 
follows; Austenitize at 927 ±14 °C for one hour, cccl to 
704 ±14 oc at a maximum cooling rate of 83 °C per hour, hold 
for two hours, and then cool to room temperature at a rate 
not tc exceed 6 °C per minute- 
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TABLE III 

Chemical Composition of 2.25% Cr-1% Mo Steel 

Heat Number 56447 
Content Weight Percent 

C Mn Si Cr Mo Ni S P 

0.C98 0.53 0.22 2.20 1.03 0.24 0.005 0.059 



Specimens we 
a uniform gage lengt 
eter of 0.375 inch 
detailed drawing of 
procedures. After 
locally using aceto 
ethancl. 

ANSI type K 
mechanically flatten 
to the specimen gage 
welder. Twc thermoc 
of the gage length, 
positions correspond 
traticn specimen, 
wire was held rigid 
specimen was repeate 
nickel foil spot w 
wire. These bands w 
the button head, 
since the thermccou 
brittle at the eleva 

The specimen 
and rinsed with etha 



re then machined and polished to provide 
h of 1. 250 inches {31.8 mm) and a diam- 
es (9.5 mm). Figure 3.5 provides a 
the specimen with pertinent machining 
machining, the specimens were cleaned 
ne and cotton swabs and rinsed with 

thermocouple wires were prepared by 
ing the bare wires and spot welding them 
fillets using a Unitec Model 1065 spot 
cuples were attached, one on each fillet 
with the same radial orientation. These 
to points #2 and #6 on the coil cali- 
shown in Figure 3.1. The thermocouple 
ly in place (to prevent breakage as the 
dly inserted and removed) by bands of 
elded over the insulated thermocouple 
ere located between the gage portion and 
In addition, an insulator was inserted 
pie wire insulation tended to become 
ted temperatures during testing. 

was cleaned and swabbed with acetone 
ncl, and the thermocouple and adjacent 
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Figure 3.5 



Specimen Geometry and Machining Procedure. 
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Liquid Paper, 
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prepared for the 



a. Electronic Controls 



The range scales were set as indicated in Table 



IV. 





TABLE IV 
Bange Scales 


i 

1 

i 


Parameter 


Percent Ranqe 


Correspondence 


Load 


50 


1000 lb/volt 


Elongation 


10 


.002 in/volt 


Stroke 


50 


.25 in/volt 



The function generator was then set to produce a strain rate 
cf 4x10 -3 sec -1 by means of reversing ramp function with a 
rate cf 2 volts/sec. Figure 3.6. The peak values were 
determined by setting the break point percent adjustment. 
For example, to obtain total strain range of 0.005, the 
break point adjustment was set at 1.25, which yields a peak 
voltage cf ±1.25 volts, which inturn corresponds to an elon- 
gation cf ± .0025 inches, or a total Strain of .005. To 

conduct a subsequent test, the only adjustment reguired was 
to the break point. 
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Figure 3.6 MTS Function Generator Output Voltage. 



t. Protection Devices 



The approximate values used for trip set points 
for the protection devices are summarized in Table V. 





TABLE V 




Protection device trip points 


Protection 

Device 


Set 

Point 


Over load 
Strain 
Stroke 
Temperature 
Under Peak 


120% of peak load during cycling 

1 20% of peak strain 

0.5 inches from null 

50 degree C deviation 

75% or peak load during cycling 
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To set the overload and underpeak interlocks, 
the specimen was cycled with the overload interlocks set 
well above the expected load and the underpeak interlocks 
deenergized. When the hysteresis had stabilized subsequent 
to straiD hardening, the peak load values were recorded and 
the underpeak and overload interlocks were adjusted. The 
underpeak detectors were only activated during actual 
cycling, since they will normally trip when the cycling is 
started cr stopped. The underpeak detectors act to shut 
down the test when the reduction in area due to the crack 
was appioximatly 50®, which was considered the end of 
fatigue life, for these tests. 

3 . Specim en Testing Procedure 

The specimen was inserted in the coil and attached 
to the MTS grips. The specimen was hydraulically locked 

into the grips as described in Reference 26. The extenscm- 
eter was installed with slightly less than one inch (2.54 
cm) distance between contact points to allow for thermal 
expansion. This was accomplished by using the strain error 
signal from the MTS controller, and at cycling temperature 
the error was consistently less than .003 inches and 
normally less than .001 inch. Two small areas of the gage 

length were covered with Liquid Paper and these were the 
contact points of the extensome ter rods. This was necessary 
due tc slippage problems of the extensometer rods on the 
smooth surface of the gage section. The specimen was heated 
at a rate of about 4 °C/sec and the coil was adjusted to 
give a controlling signal and reference signal as per the 
coil calibration data. The controlling thermal couple was 
on the upper gage fillet and the reference thermal ccuple 
was on the lower one. 

After a fifteen minute wait to stabilize tempera- 
ture, the load was zeroed using the set point adjustment. 
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Pigure 3.7 Typical Hysteresis loops with Strain Hardening. 



control, the X-Y recorder 
This superimposed the hyste 
rupticn cn to that just p 
gave immediate indication o 
the exception cf seme so 
matched and within a few c 
the new hysteresis lcop to 
int er upt ion . 

Without this proced 
the sample when the test 
cumulative, and would have 



was started and cycling began, 
resis of cycles after the inter- 
rior to the interruption. This 
f how well the two matched. With 



f tening. 


the 


hysteresis 


loops 


ycles. 


strain 


hardening br 


cught 


coincide 


w ith 


those prior to 


test 


ure, the plastic strains le 


ft in 



was interupted would have been 
made the results suspect. 



39 



5 



• Scanning Electron M icr c scope Procedure 



The specimen was p 
top end (as loaded in the M 
through flange. The speci 
thermal couple cn the SEM 
axial and rotational feed-t 
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length. At 20X nominal 
length was mapped in a 50 f 
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re used was to examine the entire 
Any area that looked promising 
at higher magnification. If a 
cn site was found, a micrograph 
marked on the map, for subseguent 
sed and crack growth progressed. 



D. SPECIMEN SECTIONING FOB OPTICAL MICROSCOPY 

One specimen was sectioned into two semicylindrical 
halves, each containing a portion of the major fatigue 
crack, as shown in Figure 3.8. This allowed a profile view 
of the c rack with one section and examination of the oxide 
layer and associated substrate on the other. One of the 
halves was mounted, curved surface down. A flat was ground 
cn the curved surface using a Buehler Surfmet II with an 30 
grit belt, then a 180 grit belt, and successively ground by 
hand on 240, 320, 400, and 600 grit paper. The specimen was 
polished in three steps on Buehler polishing wheels and then 
etched with 2 % Nital solution. The surface was repolished 
on the final wheel and re-etched in the same solution. This 
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CUT 
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FOR SEM 
MICROSCOPY 
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FOR OPTICAL 
MICROSCOPY 



Figure 3,8 Specimen Sectioning Diagram. 

procedure geometrically magnifies the oxide layer since a 
short cord was ground on the cylindrical surface. This 
allowed detailed microscopy of the oxide layer at lower 
magnifications/ which is recessary due to the rounding of 
the edges of the specimen as a consequence of the polishing 
procedure. The specimen was then examined optically on a 
Zeiss Optical Microscope. 

The longitudinally cut surface of the other half was 
ground and polished in a similar manner except that the two 
belt grinder steps were omitted. The specimen crack was 
coated with lacguer to prevent damage in the subseguent 
polishing and etching. The specimen was polished, etched, 
polished and re-etched as above. The lacguer was dissolved 
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in acetoEe and the picfile of the fracture path was examined 
cn the Cambridge SEM. 
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17. BESPITS 



A. GEHEBA1 

Deter mi nation of the cycles to crack initiation has 
uncertainty, since the method used would only bracket the 
actual number of cycles to crack initiation. Additionally, 
there is uncertainty that the first crack observed was in 
fact tie first crack initiated. In general, a crack would 
be first observed early in the propagation stage, and the 
initiaticn point was assumed to occur at the number of 
cycles cf the previous examination. In one specimen (spec- 
imen #25 tested at a 0.4% total strain), the crack had 
propagated subst antially (about a 60° arc length) before it 
was detected. The initiation point in this specimen was 
extrapolated using crack growth information from specimen 
#31 (1% total strain) and specimen #18 (0.5% total strain). 

In another specimen (specimen #24 tested at 0.35% total 
strain), failure occurred at the specimen grip during the 
propagation stage. The number of cycles to failure was 

extrapolated by again using crack growth information from 
specimen #31 (1% total strain). These extrapolations 

assumed that the fraction of the number of cycles fcr propa- 
gation of a crack tc a given arc length, divided by the 
total cycles of propagation, was the same for all specimens. 
Details cf the extrapolations are given in Appendix A for 
each specimen. 

B. SPECIMEN TEST RESULTS 

Six specimens were successfully tested to completion. 
Five specimens were unsuccessful for reasons as follows: 
Two buckled, one necked due to a procedural error, and one 
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TABU VI 

Summary of Results 







Number of 


Number of 








Cycles to 


Cvcles to 




ecimen 


Total 


Ini tiation 


Failure 




umber 


Strain ($) 


Nn 


Nf 


Nn^Nf 




Tes 


ts wi thout Dwell 




31 


1. 00 


574 


1049 


0.453 


15 


0.80 


650 


1430 


0.455 


18 


0. 50 


3300 


5322 


0.620 


25 


0. 40 


99001 


12376 


0.800 


24 


0.35 


29236 


393001 


0.744 


14 


0.30 


>79908 








5 Miniute 


Maximum Strain Dwell 




32 


0.50 


<300 


1949 


<0. 154 



1 Extrapolated from crack growth data from Specimen #31 
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Nn and Nf verses Total Strain Range. 
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Figure 4.2 Nn/Nf verses Total Strain. 
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origin of the cracks was the oxide a 
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i te 
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nations, and 



is consistent with the findings of Armitt et al [Ref. 13] as 
well . 

D. SPECIMEN WITH COMPRESSIVE DWELL 

With a compressive dwell, two factors tend to prcmcte 
oxide cracking and subsequent crack initiation earlier in 
fatigue life. First, the time at temperature and therefore 
oxide growth per cycle is greater. For comparison, the time 
at temperature to failure of specimen #18 (0.5% total strain 

without dwell) , equates to approximately 63 cycles on spec- 
imen #32 (0.5% total strain with a five minute compressive 
dwell). Second, the oxide grows at a "stress free" state 
while the substrate is in compression. When the cycle is 
completed after the dwell, the oxide is subjected to a long- 
itudinal tensile strain equal to the total strain range. 
This produces circumferential cracks in the oxide, which 
surve to initiate the crack in the substrate. Detailed 
description of specimen #32, tested with a five minute dwell 
at maximum compression and a total strain range of 0.5%, is 
contained in Appendix A, with a summary included in this 
section. At 300 cycles, numerous circumferential cracks 
were observed throughout the gage length, with crack pene- 
tration visible into the substrate. Substrate cracking had 
clearly deeped at 555 cycles. Clearly the oxide cracking 
promoted crack initiation into the substrate since the 
number of cycles to crack initiation was at least a factor 
of 1 1 lower than that for specimen #18, which was cycled 
without dwell at the same strain range. Additionally, exam- 
ination of the fracture surface for the continuously cycled 
specimens indicated a single crack initiation origin, with 
the crack front concaved toward the origin. In this spec- 
imen with the compressive dwell, initiation occurred on 
numerous sites. These cracks joined to produce a single 
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V. CONCIOSIONS Ml RECOMMENDATIONS 



A. CONCIOSIONS 

The results of this thesis leads to the following 
conclu sicns ; 

1 • Oxide cracking p rom otes c rac k initi ation 

In all specimens tested, oxide cracking was a 
precursor to the initiation of a crack in the substrate. In 
particular, sample #32 tested with a 5 minute maximum 
compressive dwell period had an initiation point decreased 
by a factor of at least 11 compared to sample #18 which had 
no dwell period. Additionally, the fracture surface showed 
that the crack initiated on numerous sites on the circumfer- 
ence of the specimen. These individual cracks grew together 
and produced a single crack, with the crack front convex 
toward the specimen surface. All specimens tested without 
dwell had a single crack initiation site and the front of 
the crack was concaved toward the origin. These affects are 
directly attributable to the enhanced cracking in the oxide 
layer resulting from the dwell, proving that fatigue crack 
initiation is caused by oxide cracking. 

The mechanism for fatigue crack initiation is 
thought to proceed as follows: The oxide cracks, exposing 

the substrate material to the air, causing localized and 
accelerated corrosion. On the next cycle, the oxide is 
again cracked and oxide "fingers" grow into the substrate. 
The effect of this mechanism is to initiate the crack and 
increase the crack propagation rate, in agreement with the 
results cf this thesis. 
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2. Crack Propagation is Transq ra nular 



In examination of the profile of the cracks, all 
cracks were found to te tr ansgr anular , cutting across both 
pearlite and ferrite grains. This is consistent with the 
findings of Armitt £Eef. 13]. 

3. fat igu e Life Calculations Must be Based on 

Pro pagat ion 

In service, oxide growth and cracking is a function 
of time, temperature, and fatigue loading history. Since 
the fatigue loading history is variable, oxide cracking and 
subseguent crack initiation can be expected very early in 
the component's life (ie first few thermal cycles). 

Clearly, estimations of fatigue life based cn lumped crack 
initiation and propagation stages experimentally generated 
in the laboratory, can be a drastic over estimation. 

Therefore, estimations must be based on the crack propaga- 
tion characteristics of this material to be valid under 
operational conditions. 

E. EICCMMENDATIONS 

Much can be done as a follow on to this work. The 
following recommendations are made: 

1 . Mod ify the Specimen Geometr y 

Most of the specimens which were unsuccessfully 
tested had problems arising from the specimen geometry. The 
buckling problem was found to be due to an oversized button 
head diameter, which caused a slight cocking of the specimen 
when inserted. This can be eliminated by making the button 
head diameter 0.745 ±.C02 inches. Secondly, the button head 
fillet radius must te increased to 0.040 ±.005 inches, to 

prevent fatigue cracking in the fillet region. 
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2- Con duc t Further Tests at 538 £C 

Since fatigue is statisical in nature, further tests 
and 538 °C need to be performed to refine the data of this 
work, particularly fcr total strain ranges less than 0.055?. 

3. Conduct Test s at Other Te mpe r ature s. 

To further study crack initiation of this alley, 
further tests need to be conducted at other temperatures. A 
temperature of 427 °C is recommended since extensive fatigue 
fracture data is available from the ORNL tests. In addi- 
tion, Challenger [ Bef . 7] has extrapolated the Nn/Nf versus 
total strain range for this temperature. This gives data 
for comparison of the results obtained. 

4 . Stu dy Shor t Crack G rowth 

Most of the crack growth data for this material has 

teen cn long cracks where LEFM is valid. Detailed analysis 

of short crack growth needs to be performed to be able to 
accurately predict fatigue life based on the crack propaga- 
tion stage alone, as recommended above. 

5. Study; the Effe cts of Co atings 

Further research on the effects of coating and 

surface treatments such as shot peening needs to be 

performed. This wculd give information concerning their 
effects cn the crack initiation phase in fatigue, possibly 
resulting in an extended fatigue life cf components made of 
this alley. 
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APPENDIX A 
SPECIMEN DATA 

1. SEICIMEN #31- 1% TOTAL STRAIN 

Specimen #31 was cycled with a total strain range of 1%. 
The test was interrupted and examined at 250, 325, 4C0, 475, 
550, 625 , 775, and 925 cycles. At 475 cycles one area 
showed cxide layer cracking as shown in Figure A.1. 
Examination of the area at higher magnification showed cxide 
cracking but no confirmed cracks in the substrate. Figure 
A. 2. At 550 cycles a crack was clearly visible at 95X, 
Figure A. 3, confirming that the crack did initiate at about 
475 cycles and was new prepogating. At 775 cycles, the 
crack had grown substantially , Figure A. 4. By 925 cycles, 
the crack was visible to the unaided eye. Figure A. 5. Note 
also that substantial secondary cracking was occuring near 
the major crack. Figure A. 6 - There was one other area moni- 
tored that showed a fatigue crack in earlier stages of 
formation. Figure A. 7 shows this area at 625 cycles. Figure 
A. 8 shows that the crack is propagating at 775 cycles and 
Figure A. 9 shows the same crack at 925 cycles. Note that 
all micrographs of this area show the same banana shaped 
spot to the right of the crack, which served as a benchmark. 

Figure A. 1 0 shows an interesting defect in the oxide 
layer. There were several of these lines oriented at about 
a 30° angle to the specimen axis, and distributed throughout 
the gage length. None of these showed oxide cracking 
throughout the specimen's life and their origin is unknown. 
Failure of the specimen occurred at 1049 cycles. 
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Figure A. 1 



Specimen #31 475 Cycles. 




Figure A. 2 



Specimen #31 475 Cycles. 
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Figure A. 3 



Specimen #31 



550 Cycles 





Figure A„ 5 Specimen #31 925 Cycles. 
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Fig are A- 6 



Specimen #31 



925 Cycles. 
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Figure A - 8 



Specimen #31 775 Cycles. 
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Figure A. 9 



Specimen #31 925 Cycles. 




Figure A. 1 0 



Specimen #31 Oxide Defect. 
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2. SB IC3MEN #15 0.8?? TOTAL STRAIN RANGE 



Specimen #15 was continuously cycled with a total strain 
range of 0.8%. The test was interrupted and the specimen 
examined at 500, 550, 600, 650, 700, 750, and 850 cycles. 

The specimen appeared smooth and featureless until 600 
cycles, at which time some oxide cracking had occurred in 
one area. Figure A. 11 shows a representative crack at a 
magnification of 1800X. Figure A. 12 shows the same crack at 
650 cycles, with no change, and the area in general showed 
more severe oxide cracking, but no crack growth- The crack 
initiaticn occurred at about 650 cycles, since the crack had 
clearly penetrated the substrate, and was propagating at 700 
cycles, as shown in Figures A. 13 to A. 15. At 750 cycles the 
crack had further prcpogated. Figures A.16-A.19. At 850 
cycles the crack had grown and widened further. Figures 
A.20-A.22. The specimen was then continuously cycled to 
failure, which occurred at 1430 cycles. 

A composite micrograph of the failed area was made in 
preparation for sectioning the specimen- Figure A. 23 shows 
the result. Note that the crack extended around the spec- 
imen, making an arc cf approximately 200°. The specimen was 
sectioned and a cord was ground on a portion of the cylin- 
drical gage length and prepared for optical microscopy as 

discussed in Section III.D. This gave a geometrical oxide 
magnification factor of approximately three. Figures A. 24 
to A. 35 show the details cf the oxide and associated 

substrate. Notice the oxide "fingers" growing into the 
substrate where the oxide has been breached by a crack. 
There is ro evidence of cracking within the substrate 

without associated cracking of the oxide layer, or steps on 
the interface which could have been caused by persistent 
slip bands within the substrate. The oxide "fingers" appear 
to be randomly distributed along the surface, showing no 
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preference to grain boundary or intergranular formation. 
This indicates that cracking of the oxide layer is a 
precursor to crack initiation.. 

Examination of the cracks, Figures A. 35 and Saabc show 
that the cracks propagated t ransgran ular ly, cutting both 
pearlite and ferrite grains. Scanning Electron Microscope 
examination of the profile of the crack revealed similar 
findings. Figures A. 36 to A. 41. Figure A. 36 shows one such 
crack that is less than one grain diameter in length. 
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Figure Ao14 Specimen #15 700 Cycles. 
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Figure A. 1 6 



Specimen #15 



750 Cycles. 




Figure A., 1 7 






Specimen #15 



750 Cycles. 
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Figure A. 18 Specimen #15 750 Cycles. 




Figure A. 1 9 



Specimen #15 750 Cycles. 
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figure A o 20 Specimen #15 850 Cycles 






Figure A- 2 1 



Specimen #15 



850 Cycles. 
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Figure A- 2 4 



Specimen #15 



1430 Cycles- 




Figure A. 25 



Specimen #15 



1430 Cycles. 
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Specimen #15 



7 1 



Figure A- 27 



1430 Cycles 




Figure A . 2 8 



Specimen #15 1430 Cycles. 




Figure A. 29 



Specimen #15 



1430 Cycles. 
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figure A.30 Specimen #15 1430 Cycles. 




Figure A. 31 Specimen #15 1430 Cycles. 



73 





Figure A- 32 Specimen #15 1430 Cycles. 




Figure A. 33 Specimen #15 1430 Cycles. 
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Figure A. 36 



Specimen #15 



1430 Cycles. 




Figure A. 37 Specimen #15 1430 Cycles. 
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Figure A. 38 



Specimen #15 1430 Cycles. 




Figure A. 39 Specimen #15 1430 Cycles. 
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Figure A. 40 



Specimen #15 



1430 Cycles. 
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Figure A- 4 1 Specimen #15 1430 Cycles. 
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3. SEFC3MEN #18 0.55? IOTA I S1BAIN 



Specimen #18 was cycled with a total strain range of 
0.5%. The test was interrupted and the specimen examined on 
the SEM at 5153, 3300, 3450, 3600, 3750, and 3930 cycles. 
At 3153 cycles, most of the specimen surface was feature- 
less, except one area which had some oxide cracking and 
spalling. Figure A. 42. This area however did not teccme a 
site for fatigue cracking. At 3300 cycles, a small crack 
was detected, hut its depth was not discernable. Figure 
A. 43. Ihis was considered the crack initiation point since 
at 3600 cycles, the crack had clearly propagated and pene- 
trated the substrate. Figure A. 44 shows the area at lew 
magnif icaticn and Figure A. 45 shows the crack tip at higher 
magnification. At 3750 cycles, continued propagation is 
evident in Figures A. 46 and A. 47. At 3930 cycles, continued 
growth and widening was observed as shown in Figures A. 48 to 
A. 51. Figure A. 52 shows the same area after failure at 5322 
cycles. 




Figure A- 42 Specimen #18 3153 Cycles 




Figure A. 43 



Specimen #18 



3300 Cycles. 
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0.5 mm 




Figure A«44 



Specimen #18 3600 Cycles. 




Figure A-45 



Specimen #18 



3600 Cycles. 
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Figure A. 46 



Specimen #18 



3750 Cycles. 




Figure A»4 7 



Specimen #18 



3750 Cycles. 
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Figure A. 4 8 



Specimen #18 3930 Cycles. 




Figure A-49 



Specimen #18 3930 Cycles. 
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4. 



SfICIflEN #25 0.45? IOTA I S1BAIN 



Specimen #25 was continuously cycled at 0.45? total 
strain. lie test was interrupted and the specin en examined 
at 6GCC, 7 C CO, 8000, 8750, 9500, 1 025, 1 1000, and 11750 

cycles. At 6000 cycles, a defect in the oxide was visually 
noted ccisisting of a helical line running approximately 5/4 
cf tie gage length and with approximately one rctaticn. 
Figure A. 55 shews ere porticn of this line. This is 
lelieved to be caused by the machining of the gage length 
and it did not show any signs of cracking the ougheut the 
specimen's life. In addition, one area showed oxide defects 
which seem to correspond to grain boundaries. Figures A. 54 
and A. 55. Ihis area was monitored and later in life was the 
crack initiation site. At 10250 cycles, this area showed 
little change at low magnification, as shown in Figures A. 56 
and A-57. At 11750, this area had several cracks. Figures 
A. 58 and A- 59. Examination at higher magnification revealed 
a large crack extending over a 60° arc. Figures A. 60 and 
A. 61, indicating that the crack had been propagating over 
several cf the previous examinations. A calculation was 
made to extrapolate the initiation point. Crack growth was 
monitered in specimen #31, cycled with 1% total strain. 
Approximately 75^ of the cycles to propagate the crack to 
failure were reguired to propagate the crack to a 60° arc 
length. Using the same proportion, would indicate that the 
crack initiated at about 9900 cycles. This estimate is 
supported by two other obse rva tiens. First, fatigue propa- 

gation occurred over 2022 cycles in specimen #18 cycled at 
0.55? total strain- It is reasonable to assume that crack 
propagation in this sample would reguire at least as many 
cycles, and probably more- Second, at 10250 cycles, a 
spallec area is visible on the lower portion of Figure A. 57. 
Ihis corresponds to the spalled portion of Figure A. 59, 
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indicating that the crack 
cycles, but not observed, 
without interruption to f 
cycles. 



was probably present at 
The specimen was then 
allure which occurred at 



10250 
cycled 
1237 6 
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Figure A. 55 



Specimen #25 



6000 Cycles. 
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Figure A«56 Specimen #25 10250 Cycles- 
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Figure A„58 SpecimeD #25 11750 Cycles. 




92 



p§f 



J§| 20 pm 




figure A<,60 Specimen #25 11750 Cycles. 
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Specimen #25 



11750 Cycles 



SIICIflEK #24 0,35% TOTAL STRAIN RANGE 



Specimen #24 was cycled wit! a tctal strain ranee of 
0.35$. lesting was interrupted and the specimen examined on 
the SEN at 22750, 25500, 27222, 29236, 32000, and 24634 

cycles. At 22750 cycles, the oxide layer showed one area of 
cracking, however no penetration of the substrata was noted. 
Figure A. 62. At 255C0 cycles no change was noted. At 27222 
cycles, the upper button head of the specimen failed due to 
a fatigue crack. which initiated at the button head fillet. 
A thread was machined onto the specimen shank and a thread 
type crip was used for further testing. No change was noted 
cn the surface of the specimen upon examination at 27222 
cycles. At 29236 cycles, the lower button head failed for 
the same reason, anc a thread was machined in the specimen 
shank as before. Examination of the specimen at 29236 
cycles slowed that the oxide remained intact despite the 
thermal transients associated with the button head failures. 
Additionally, the oxide crack noted previously appeared to 
grow but no penetration into the substrate could be 
confirmed. Figures A. 63 and A. 64. By 32000 cycles, the 
crack had both grown, and widened. Figures A. 65 to A. 67, and 
had penetrated the substrate, indicating that the crack 
initiated at about 29236 cycles. At 34634 cycles, fatigue 
failure occurred on the upper screw on the specimen shank, 
and nc further testing could be conducted, giving a lower 
bound to the number of cycles to failure of this specimen. 
The specimen was then examined and the crack had clearly 
propagated. Figures A. 68 and A. 69. For this thesis, it is 
useful to extrapolate the failure point using the crack 
growth information derived from specimen #31. Approximately 
53% of the propagation life was reguired to propagate a 
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crack in specimen £21 to a comparable length as those in 
this specimen at 3 4634 cycles. Using the same proportion, 
failure should have occurred at about 39300 cycles. This 
gives a test estimate for comparison with the other data. 
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Figure A. 62 



Specimen #24 22750 Cycles. 
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Figure A. 63 Specimen #24 29236 Cycles 




Figure A- 64 



Specimen #24 29236 Cycles. 
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Figure A-65 



Specifier #24 



32000 Cycles. 




Figure A. 66 Specimen #24 32000 Cycles. 
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Figure A. 67 



Specimen #24 32000 Cycles. 
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Figure A. 68 



Specimen #24 



34634 Cycles. 
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6. SPECIMEN #14 0.3? TOTAL STBAIN 



Specimen #14 was cycled at 0.3? total strain range. The 
test was interrupted and the specimen examined on the SEM at 
30000, 33000, 36300, 39900, 43900, 48410, 53200, 5595C, 
70800, 76330, 7977S, and 79908 cycles. This sample was 
plagued with problems and was not cycled to failure. The 
cycling progressed normally until 76330 cycles, at which 
time the upper button head failed due to a fatigue crack 
initiated by the button head fillet. This caused the MTS 
system and induction heater to trip, and resulted in rapid 
cool down of the specimen. There was some increased 
cracking of the oxide but the oxide was generally intact. A 
thread end was machined on the upper specimen shank which 
allowed reinsertion of the specimen with a threaded grip. 
When the specimen was examined on the SEM, no fatigue cracks 
were evident. At 7SS08 cycles, the specimen formed a small 
neck presumably due to the extensometer slipping. Eapid 
operator action minimized the cool down, however the oxide 
layer spalled off. The specimen was reinserted and cycling 
began again, since the strain range was small and the neck 
was outside the extensometer monitoring length. At 79,908 
cycles, the specimen started to buckle and the cycling was 
stopped. Subsequent examination showed no cracking or even 
any potential initiation points. This indicates a lower 
bound on the number cf cycles to crack initiation at 0.3? 
total strain range, and is included since an additional data 
point at 0-3% strain was impossible to run. 
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7. SPECIMEN #32 0.5? TOTAL STRAIN HITH COMPRESSIVE DWELL 



Specimen #32 was cycled with a total strain range of 
0.5% and a 5 minute dwell od each cycle at the maximum 
compressive strain. The test was interrupted and the spec- 
imen examined at 300 and 595 cycles. At 300 cycles, intense 
circumferential oxide cracks were visible to the unaided eye 
in the top 1/3 of the specimen gage length. This observa- 
tion was confirmed on the SEM, Figure A. 70. Oxide cracking 
was also observed throughout the gage length, but was less 
intense cn the lower 2/3, Figure A. 71. Examination at 
higher magnification showed penetration of the substrate. 
Figures A. 72 and A. 73, indicating that crack initiation 
occurred at less than 300 cycles. At 595 cycles, many of 
the cracks had widened and deepened while others seemed to 
seal with oxide, as shown in comparing Figures A.7C and 
A. 74. Figures A. 75, A. 76, and A. 77 clearly show cracking of 
the substrate. The specimen was then cycled to failure, 
with visual monitoring. At 750 cycles, three areas showed 
spalling of the oxide layer, with increased spalling as the 
test progressed. Failure of the specimen occurred at 1949 
cycles. 

Examination of the fracture surface showed that the 
fatigue crack initiated on numerous points on the surface of 
the specimen. These individual cracks grew to form a single 
crack which was convexed toward the specimen surface, which 
is typical of a fatigue initiated by a circumferential 
groove. Figure A. 78. All specimens cycled without dwell had 
a single crack initiation site and the crack front was 
concaved toward the origin. This clearly shows that cxide 
cracks must initiate the cracks in the substrate, since the 
compressive dwell*s initial affect is to promote prefuse 
circumf erertial cxide cracks. 
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Figure A. 70 



Specimen #32 



300 Cycles. 




Figure A. 7 1 Specimen #32 300 Cycles. 
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Figure A-73 Specimen #32 300 Cycles. 
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Figure A. 74 



Specimen #32 595 



A. 75 



A 

Specimen #32 595 Cycles. 



Cycles . 
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Figure A. 77 Specimen #32 595 Cycles. 
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Figure A. 78 



Specimen #32 Fracture Surface. 
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